A metalloprotease (MEP) secreted by Aspergilusfumigatus was isolated from an alkaline protease-deficient mutant after the fungus was cultivated in the presence of collagen as the sole nitrogen and carbon source. The enzyme was purified 50-fold from the culture supernatant after adsorption to hydroxylapatite and carboxymethyl-Sephadex and after gel filtration. The molecular mass was determined to be 40 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The isoelectric point was estimated at pH 5.5 by isoelectric focusing.
ative agents of a number of human and animal diseases (1, 8, 27) . They are considered opportunistic organisms which can establish and develop inside their host only under a variety of underlying conditions, including impaired immune status. After inhalation of spores, clinical aspergillosis can develop in three major presentations. The first presentation is allergic bronchopulmonary aspergillosis, which occurs when Aspergillus sp. colonizes the bronchial tree and releases antigenic substances that cause a hypersensitivity pneumonitis. The second is aspergilloma (fungus ball), which generally develops in pulmonary cavities secondary to other lung diseases such as tuberculosis and anatomic defects. The last form is invasive pulmonary or disseminated aspergillosis, which is a life-threatening infection in severely immunocompromised patients such as neutropenic patients and transplant recipients.
Proteolytic degradation of the lung tissue has been suggested as one of the key events involved in the physiopathology of A. fumigatus (7, 23 ). An extracellular serine protease of the subtilisin family (ALP) has been isolated from clinical isolates of A. fumigatus (5, 12, 16) . Its high collagenolytic activity and ability to digest elastin favored a possible role in the invasion of the tissues by the fungus. Furthermore, this enzyme could be detected in hyphae ofA. fumigatus in infected murine and human lungs (13, 16) . Recently, we cloned the gene encoding ALP (6) , and in order to determine whether the secreted protease plays a key role in the virulence of A. fumigatus, we disrupted the protease gene and assayed ALP-nonproducing strains in mice (11) . Surprisingly, in the immunocompromised mouse model we studied, no difference in pathogenicity was observed between ALP-producing and ALP-nonproducing isogenic strains. The rate of mortality and invasion of lung tissues by mycelia of the two strains were similar. It was suggested that the presence of a significant residual proteolytic activity, not * Corresponding author. due to ALP, was sufficient to allow mycelial development on protein substrates in vitro and in vivo (11) . In this report, we describe the isolation and characterization of a major metalloprotease (MEP) secreted byA. fiumigatus responsible for the residual proteolytic activity of the ALP-deficient mutants.
MATERIALS AND METHODS Materials. Malt agar was purchased from Oxoid (Basingstoke, Bucks, United Kingdom), and soluble collagen was from Serva (Heidelberg, Germany). Azocollagen and elastinCongo red were from Sigma (St. Louis, Mo.). Hydroxylapatite (Bio-Gel HTP), polyacrylamide P60 gel, and lowmolecular-weight protein standards were from Bio-Rad. Carboxymethyl (CM)-Sephadex, ampholytes of the pH range 3.5 to 9.5, and isoelectric focusing standards were from Pharmacia (Uppsala, Sweden). The protein inhibitors (4- (11) . Flasks containing 500 ml of medium were inoculated with 107 conidia from a 5-to 10-day malt agar culture and incubated at 30°C on an orbital shaker at 200 rpm for 48 h.
Enzyme purification. Two-liter batches of culture filtrate were used as the source of enzyme.
Step 1 Step 2. CM-Sephadex, 0.5 g, was added to the dialysate, and the mixture was shaken for 5 min. The CM-Sephadex was transferred to a column and washed with 50 mM acetate buffer, pH 5.0. The MEP was eluted from the column with 150 mM sodium acetate, pH 6.5. Fractions with enzymatic activity were identified and pooled.
Step 3. After reduction of the volume to 2 ml by ultrafiltration (Ultracent-30 system; Bio-Rad), the enzyme solution was further purified by gel filtration on a 30-cm column of polyacrylamide P60 gel in 100 mM sodium acetate, pH 6.5. Finally, the MEP was concentrated to 1.0 mg/ml by ultrafiltration and stored at -20°C. azocollagen at different pH values in sodium acetate buffer (50 mM; pH 4 to 6.5), in Tris-HCl buffer (50 mM; pH 6.5 to 9), and in glycine-NaOH buffer (100 mM; pH 9 to 12). From a suitably diluted protease solution in buffer at 30°C, 1 studied at 1 and 10 mM. The inhibitors (4-amidinophenyl)-methanesulfonyl fluoride, iodoacetamide, EDTA, antipain, leupeptin, chymostatin, phosphoramidon, E64, soybean trypsin inhibitor, a2-macroglobulin, and aprotinin were dissolved in water. 1,10-Phenanthroline, PMSF, and pepstatin were dissolved in ethanol. Each compound was added to 1 ml of culture supernatant or to 1 ml of 50 mM Tris-HCl buffer (pH 7.5) containing 0.5 Fg of purified enzyme. The mixture was incubated for 10 min at 30°C, and assays were performed after the mixture was added to 10 mg of azocollagen. An appropriate control without inhibitor was assayed simultaneously.
Protein concentration. Protein concentrations were measured by the method of Bradford (2) . Electrophoresis. Protein extracts were analyzed by SDSpolyacrylamide gel electrophoresis (PAGE) by the method of Laemmli (9) with a separation gel of 9% polyacrylamide. Gels were stained with either Coomassie brilliant blue R-250 or, for glycoproteins, the periodic acid-Schiff reagent (28) .
Human sera. Two serum pools from 50 patients with aspergilloma and 50 healthy individuals were used as well as 10 human individual serum samples positive for aspergilloma and 10 human serum samples from patients with candidiasis. All serum samples were kindly provided by J.-P. Bouchara (CHU, Angers, France).
Immunoblotting. After electrophoresis of MEP, the protein was transferred onto nitrocellulose membranes and probed with human sera, as described previously (10) .
RESULTS
Proteolytic activities in collagen culture. After 48 h of growth in collagen medium, A. fimigatus A18 showed 30% of the collagenolytic activity of the wild-type strain CBS 144-89 but no elastinolytic activity (Fig. 1) , confirming previous studies by Tang et al. (24) in which the gene encoding ALP was disrupted in another strain of A. fumigatus. In the presence of PMSF, the elastinolytic activity of CBS 144-89 was totally inhibited and the collagenolytic activity was reduced to the rate of that of the A18 mutant strain. This residual proteolytic activity was inhibited 100% by EDTA (1 mM), 1,10-phenanthroline (1 mM), and phosphoramidon (10 ,Lg/ml), and the collagenic activity of the wild-type strain was 100% inhibited by a combination of EDTA and PMSF (Fig. 1) . These results demonstrated that ALP gene disruption had no effect on MEP secretion. An inhibition profile comparable to that of CBS 144-89 was observed for the 10 wild-type strains of A. fumigatus tested (data not shown).
Isolation of a 40-kDa A. fiumigatus-secreted MEP. We tried to isolate MEPs secreted by A. fumigatws from strain A18 since this strain and the parental strain CBS 144-89 showed similar profiles of secreted proteins, except that of ALP (Fig.  2, lanes 1 and 2) . The purification steps and yields are summarized in Table 1 . A 48-fold purification from the culture medium, with a 38% overall recovery, was obtained. Elution profiles of proteolytic activity from hydroxylapatite and CM-Sephadex are shown in Fig. 3 and 4 , respectively. The purified enzyme, MEP, migrated as a single protein band with an estimated molecular mass of 40 kDa in SDS-PAGE (Fig. 2, lane 4) . This enzyme appeared to be one major protein secreted by A. fiumigatus in collagen medium (Fig. 2, lanes 1 and 2) . It is also the major band in the protein profile of the fractions containing proteolytic activity eluted from hydroxylapatite (Fig. 2, lane 3 High molecular weight SBTI a2-Macroglobulin Aprotinin 1-10 mM 10-100 mM 10-100 mM 10-100 mM 1-10 mM 1-10 mM 1-10 mM 10-50 ,u.g/ml 10-50 jLg/ml 10-50 4g/ml 1-10 mM 1-10 mM 10-50 pg/ml 10-50 ,ug/ml 10-50 ,ug/ml 10-50 ,ug/ml 10-50 tLg/ml 1 mg/ml 10-50 pg/ml 10-50 pg/ml 10-50 pg/ml Properties of MEP. Periodic acid-Schiff-positive staining indicated that MEP was a glycoprotein (Fig. 2, lane 6 ). An isoelectric point of 5.5 was estimated by isoelectric focusing. The enzyme was stable for at least 1 week at 4°C and for 4 months at -20°C in 100 mM sodium acetate buffer, pH 7.0. MEP showed a plateau of activity between pH 6.5 and 9.0 (Fig. 5) . Protein substrate and glycerol had stabilizing effects on the enzyme. This was demonstrated by the results shown in Fig. 6 . When the enzyme, maintained at 4°C, was added to the substrate preincubated at the assay temperature, maximal activity was observed between 45 and 50°C. In contrast, a 10-min pretreatment of the enzyme at 50°C resulted in 100% of loss of activity, whereas a similar treatment at 450C reduced the activity to 45%. MEP could be stabilized at 45°C by 20% (vol/vol) glycerol.
The effects of different compounds used to characterize MEP are summarized in Table 2 . The enzyme was inhibited by citrate (1 mM) and by reducing agents such as 2-mercaptoethanol (1%) and dithiothreitol (1 mM). The organic sol- vents (ethanol and dimethyl sulfoxide) and nonionic detergents (Tween 80 and Triton X-100) tested had no significant effects on protease activity (Table 2) .A. fimigatus MEP was very sensitive to divalent cations. The activity was totally inhibited in the presence of 1 mM each Cu21, Zn2+, Co2+, Pb2+, Ni2+, and Hg2+. In contrast, the enzyme was not inhibited by 10 mM Mg2+ or Ca2+. Different protease inhibitors were also tested on purified MEP. The enzyme was totally inactivated by EDTA, 1,10-phenanthroline, and phosphoramidon, confirming our preliminary observations with activities observed in the culture supernatant. MEP was also inhibited by the nonspecific inhibitor a2-macroglobulin. In contrast, inhibitors specific for serine, cysteine, and aspartate proteases, such as PMSF, (4-amidinophenyl)-methanesulfonyl fluoride, antipain, leupeptin, chymostatin, soybean trypsin inhibitor, aprotinin, and iodoacetamide, had no effect.
Immunoblot analysis with sera from patients with aspergilloma showed that MEP was antigenic. This result was obtained with a pool of positive patient sera at a 1:1,000 dilution (Fig. 7) . When probed individually, each of the 10 aspergilloma patient serum samples reacted positively with MEP, whereas serum samples from all candidiasis patients were negative even at a 1:100 dilution (not shown).
DISCUSSION
We report the isolation and characterization of a MEP secreted by A. fumigatus, as revealed by testing various protease inhibitors. A 48-fold purification with a 38% overall recovery was obtained. During this purification procedure, 35% of the total proteolytic activity was not absorbed on hydroxylapatite. This residual activity, present in the culture supematant after sedimentation of hydroxylapatite, could be recovered by adding a second batch of resin and was attributed to MEP. Thus, it appeared that MEP was the only protease secreted by the A. fumigatus ALP-deficient mutants in collagen medium. Acid proteases identified during the growth of A. fumigatus on protein-based media (14) (15) (16) were not found in our experimental conditions since no inhibition of proteolytic activity was noted when the culture supernatant was preincubated in the presence of pepstatin and since no proteolytic activity was detected in acetate buffer at pH 4.0 (data not shown).
Several species ofAspergillus are known to secrete MEPs (18) (19) (20) (21) (22) 26 (11, 25) . It is likely that ALP does not contribute decisively to the ability to invade lung tissues. These results agree with the observation that elastinolysis is not involved in fungal infiltration of blood vessel walls (4). However, it is difficult to explain the ability to invade tissues without an efficient invasive system. The level of MEP secreted by the alp deletion mutant could be high enough to allow a residual proteolytic tissue degradation, which may play a significant role in the virulence of A. fiumigatus.
Antibodies against ALP were detected by Western blotting (immunoblotting) analysis in patients suffering from aspergilloma as well as in patients suffering from candidiasis and in healthy controls (13) . In contrast to ALP, MEP is an antigen able to discriminate between aspergilloma patients and control individuals. Although MEP has a lower collagenic activity in vitro than ALP, the presence of a significant antigenic response against MEP suggests that MEP is secreted in substantial amounts in vivo and could be responsible for the proteolytic degradation of the lung tissues. To test the role of MEP in the virulence of A. fumigatus, we intend to clone and disrupt the gene encoding MEP in an A.
fiumigatus wild strain and in ALP-deficient mutants.
